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IN-MEMORY COMPUTATION SYSTEM
WITH BUILT-IN SUBTRACTION MODE FOR
HANDLING MATRIX VECTOR
MULTIPLICATION OF SIGNED FEATURE
DATA AND SIGNED COMPUTATIONAL
WEIGHT DATA

TECHNICAL FIELD

Embodiments relate to an in-memory computation system
and, in particular, to a system supporting in-memory cormi-
pute operations involving the matrix vector multiplication of
signed feature data and signed computational weight data.

BACKGROUND

An in-memory computation (IMC) system stores infor-
mation in the bit cells of a memory array and performs
calculations at the bit cell level. An example of a calculation
performed by an IMC system is a multiply and accumulate
(MAC) operation using matric vector multiplication (MVM)
where an input array of numbers (X values, also referred to
as the feature or coefficient data) are multiplied by an array
of computational weights (g values) stored in the memory
and the products are added together to produce an output
array of numbers (Y values).

n g g2 - &in X

L _|en g2 - &m % X
Yo gml &m2 - &mn Xz
N=guXxX+guXH+ .+ g XAy
N=gnXXi+gnXX+...+ 8. X4,
Yo =gm XX1+gm2 XX + oo+ un X Xy

By performing these calculations at the bit cell level in the
memory, the IMC system does not need to move data back
and forth between a memory device and a computing device.
Thus, the limitations associated with data transfer bandwidth
between devices are obviated and the computation can be
performed with lower power consumption.

It is recognized that the data value for the feature or
coefficient data X,, of an in-memory compute operation can
be signed and also that the data value for the computational
weight data g, of that in-memory compute operation can be
signed. In connection with supporting matrix vector multi-
plication with signed data, each in-memory compute opera-
tion may be performed to include a positive elaboration
(associated with cases where the signs of the feature or
coefficient data X,, and the computational weight data g,,,
are either both positive or both negative) and a negative
elaboration (associated with cases where the signs of the
feature or coefficient data X, and the computational weight
data g, are opposite—one positive and the other negative).
The result of the matrix vector multiplication for the in-
memory compute operation is then dependent on determin-
ing a difference between the result of the positive elaboration
and the result of the negative elaboration.

There exists a need in the art to efficiently support
performance of signed MAC operations that use both a
positive elaboration and a negative elaboration for each
in-memory compute operation.

SUMMARY

In an embodiment, an in-memory computation circuit
comprises: a memory array including a plurality of memory
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2

cells arranged in a matrix with plural rows and plural
columns, wherein groups of memory cells store computa-
tional weights for an in-memory compute (IMC) operation
that is performed with a first multiply and accumulate
(MAC) elaboration producing a first analog signal and a
second MAC elaboration producing a second analog signal;
and an analog-to-digital converter circuit configured to:
increment a count value in a counter circuit in response to
the first analog signal; convert the count value in the counter
circuit to a negated count value; and increment the count
value in the counter circuit starting from the negated count
value in response to the second analog signal.

The analog-to-digital converter circuit comprises: an inte-
gration circuit configured to integrate the first analog signal
to produce a first series of pulses, with the counter circuit
incrementing the count value in response to each pulse in the
first series; and wherein the integration circuit is further
configured to integrate the second analog signal to produce
a second series of pulses, with the counter circuit increment-
ing the count value starting from the negated count value in
response to each pulse of the second series.

The conversion of the count value in the counter circuit to
the negated count value is performed through use of a 2’s
complement operation on the count value.

The analog-to-digital converter circuit may be imple-
mented with: an integration stage configured to convert a
current provided by each of the first and second analog
signals into a number of charge packets indicated by pulses;
and a counting stage comprising a ripple counter having a
counter input configured to receive the pulses.

The counting stage includes a plurality of flip-flops and
multiplexing circuitry. The multiplexing circuitry is config-
ured, in response to a first logic state of a control signal, to
connect clock inputs of the plurality of flip-flops to form the
ripple counter. The multiplexing circuitry is further config-
ured, in response to a second logic state of the control signal,
to apply an inverting pulse signal to the clock inputs of the
plurality of flip-flops to cause a logical inversion of each bit
of the count value stored by the plurality of flip-flops during
a logic inversion portion of a 2°s complement operation for
converting the count value in the counter circuit to the
negated count value. A control circuit generates the control
signal and further applies a single pulse to the counter input
of the counting stage during an add one portion of the 2’s
complement operation for converting the count value in the
counter circuit to the negated count value.

In an embodiment, a method for performing an
in-memory compute (IMC) operation comprises: perform-
ing a first multiply and accumulate (MAC) elaboration of the
IMC operation to produce a first analog signal; incrementing
a count value in a counter circuit in response to the first
analog signal; converting the count value in the counter
circuit to a negated count value; performing a second MAC
elaboration of the IMC operation to produce a second analog
signal; and incrementing the count value in the counter
circuit starting from the negated count value in response to
the second analog signal.

Integrating the first analog signal produces a first series of
pulses, with incrementing comprising incrementing the
count value in the counter circuit in response to each pulse
in the first stream. Integrating the second analog signal
produces a second series of pulses, with incrementing com-
prising incrementing the count value in the counter circuit
starting from the negated count value in response to each
pulse of the second series.
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The conversion of the count value to the negated count
value is performed through use of a 2’s complement opera-
tion on the count value.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the embodiments, reference
will now be made by way of example only to the accom-
panying figures in which:

FIG. 1 is a schematic diagram of an embodiment for an
in-memory computation circuit;

FIG. 2 shows a circuit diagram for a row controller circuit
used by the in-memory computation circuit of FIG. 1;

FIG. 3 shows a circuit diagram for an analog-to-digital
converter circuit used by the in-memory computation circuit
of FIG. 1,

FIG. 4 is a timing diagram illustrating operation of the
analog-to-digital converter circuit of FIG. 3;

FIG. 5 is a timing diagram illustrating an in-memory
compute operation using the circuit of FIG. 1;

FIG. 6 is a schematic diagram of an embodiment for an
in-memory computation circuit;

FIG. 7 shows a circuit diagram for a row controller circuit
used by the in-memory computation circuit of FIG. 6;

FIG. 8 shows a circuit diagram for an analog-to-digital
converter circuit used by the in-memory computation circuit
of FIG. 6; and

FIG. 9 is a timing diagram illustrating an in-memory
compute operation using the circuit of FIG. 6.

DETAILED DESCRIPTION OF THE DRAWINGS

Reference is now made to FIG. 1 which shows a sche-
matic diagram of an in-memory computation circuit 110.
The circuit 110 utilizes a memory array 112 formed by a
plurality of memory cells 114, arranged in a matrix format
having m columns and n rows, where a is an integer from 1
to m and b is an integer from 1 to n. The array 112 is
arranged to include groups 115,, to 115,,,, of memory cells
114, wherein each group 115, ; includes four memory cells
arranged in a 2x2 matrix across two rows and two columns
of the array 112, where A is an integer from 1 to M and B
is an integer from 1 to N. With this arrangement, there are
N rows of groups 115, , and M columns of groups 115, ,
(where N=n/2 and M=m/2). Although the memory cells 114
of a group 115, ; are shown to be located in adjacent ones of
the m columns of the array 112, it will be understood that
this is by way of example only to ease the illustration and
that in a preferred implementation the cells will most likely
be separated from each other using a column multiplexing
format as is well known to those skilled in the art.

Each group 115, of memory cells 114 stores a signed
computational weight (also referred to as kernel data) for an
in-memory compute operation. Each memory cell 114 can
be programmed to store a bit of data g_,, with the four bits
of data g, stored by the corresponding four memory cells of
each group 115, ; forming the signed computational weight
of that group 115, ;. Each bit of data has either a logic “1”
or a logic “0” value which is represented, for example, by a
programmable conductance in the memory cell 114. A
signed computational weight of “+1” for a given group
115, is represented by programming logic “1” in the
memory cells 114 of the main diagonal of the 2x2 matrix
(for example, see g,,=1 and g,,=1 of group 115,,), and
programming logic “0” in the memory cells 114 of the
antidiagonal of the 2x2 matrix (for example, see g,,=0 and
2,,=0 of group 115,,) as illustrated by the matrix:
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[o 1}

this being referred to in the art as the identity matrix. A
signed computational weight of “—1” for a given group
115, is represented by programming logic “0” in the
memory cells 114 of the main diagonal of the 2x2 matrix
(for example, see g,,=0 and g,,=0) and programming logic
“1” in the memory cells 114 of the antidiagonal of the 2x2
matrix (for example, see g,,=1 and g,,=1 of group 115,,) as
illustrated by the matrix:

[1 o

this being referred to in the art as the exchange (or backward
identity) matrix. A signed computational weight of “0” for a
given group 115, is represented by programming logic “0”
in all memory cells of the 2x2 matrix (for example, see
£:,=0, g,,=0, g,,=0 and g,,=0 of group 115,,) as illustrated
by the matrix:

[0 o}

this being referred to in the art as the zero matrix.

In an embodiment of the memory array 112, each memory
cell 114 comprises a phase change memory (PCM) cell
formed by a select circuit (MOSFET transistor, BJT tran-
sistor, diode device, etc.) 114r operating as a switching
element and a variable resistive element 114r providing a
programmable conductance. In the case of a MOSFET
transistor for the select circuit 114z, the control node (gate)
of the MOSFET transistor is connected to the word line WL.
The source-drain path of the MOSFET transistor is con-
nected in series with the variable resistive element 114r
between the bit line BL and a reference node (for example,
a source line or ground). More specifically, a drain of the
MOSEFET transistor is connected to a first terminal of the
variable resistive element 114r, the source of the MOSFET
transistor is connected to the reference node, and the second
terminal of the variable resistive element 114r is connected
to the bit line BL.

As is well known to those skilled in the art, a PCM-type
memory cell 114 is configured to store data using a phase
change material (such as a chalcogenide) that is capable of
stably transitioning between amorphous and crystalline
phases according to an amount of heat transferred thereto.
The amorphous and crystalline phases exhibit two or more
distinct resistances (corresponding to the variable resistive
element 114r), in other words two or more distinct conduc-
tances, which are used to distinguish two or more distinct
logic states programmable into the memory cell. The amor-
phous phase exhibits a relatively higher resistance (i.e., a
lower conductance) and thus the current sunk from the bit
line BL by the memory cell programmed in this state when
selected by assertion of the word line signal at the gate of the
select circuit 114¢ is relatively smaller. Conversely, the
crystalline phase exhibits a relatively lower resistance (i.e.,
a higher conductance) and thus the current sunk from the bit
line BL by the memory cell programmed in this state when
selected by assertion of the word line signal at the gate of the
select circuit 114« is relatively larger.
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In an embodiment for a specific, but non-limiting,
example for two distinct logic states: the amorphous phase
may represent programming of the memory cell to logic “0”
(or reset state) for the associated coefficient weight and the
crystalline phase may represent programming of the
memory cell to logic “1” (or set state) for the associated
coeflicient weight. Although binary (i.e., two distinct logic
states) data is described in detail herein, it will be understood
that the memory cell 114 may instead support storage of
m-ary (i.e., three or more distinct logic states) data in some
applications.

It will be understood that other memory cell types could
instead be used for the array 112. For example, magnetore-
sistive random access memory (MRAM) cells or resistive
random access memory (RRAM) cells could be used. The
memory cell may alternatively comprise a static random
access memory (SRAM) cell.

Each memory cell 114 includes a word line WL and a bit
line BL. The memory cells 114 in a common row of the
matrix are connected to each other through a common word
line WL. The groups 115, of memory cells 114 in a
common row of groups 115, are connected to each other
through a positive word line WL<B>+ and a negative word
line WL<B>- (which form a word line pair for the common
row of groups 115 ;). More specifically, the positive word
line WL<B>+ is connected to the upper two memory cells
in the 2x2 matrix for the group (for example, see WL<1>+
for g,; and g,, of group 115 ,), while the negative word line
WL<B>- is connected to the lower two memory cells in the
2x2 matrix for the group (for example, see WL<1>-for g, ,
and g,, of group 115,,).

The memory cells 114 in a common column of the matrix
are connected to each other through a common bit line BL.
The groups 115,z of memory cells 114 in a common column
of groups 115, are connected to each other through a
positive elaboration bit line BL<A>+ and a negative elabo-
ration bit line BL<A>- (which form a bit line pair for the
common column of groups 115 ;). More specifically, the
positive elaboration bit line BL<A>+ is connected to the left
two memory cells in the 2x2 matrix for the group (for
example, see BL<1>+ for g, and g,, of group 115, ), while
the negative elaboration bit line BL.<A>- is connected to the
right two memory cells in the 2x2 matrix for the group (for
example, see BL<1>- for g,, and g,, of group 115,)).

Each word line WL is driven by a word line driver circuit
116 with a pulsed word line signal generated by a row
controller circuit 118. The word line driver circuit 116 may
be implemented as a CMOS driver or buffer circuit (for
example, formed by the series connection of two CMOS
logic inverters).

The row controller circuit 118 receives the signed feature
or coeflicient data X, to X, for the in-memory compute
operation. The row controller circuit 118 also receives an
address signal (Address) for the in-memory compute opera-
tion and, under the control of a control circuit, in response
thereto selectively loads the signed feature or coefficient
data X, to X, for association with the rows of groups 115 .
of memory cells 114 which are to be simultaneously selected
in parallel during each of a positive elaboration and a
negative elaboration of the analog in-memory compute
operation. During the simultaneous access for each of the
positive and negative elaborations, only one word line of
each word line pair (WL<B>+ or WL<B>-) is actuated with
a pulsed word line signal. The actuated one word line of the
word line pair in each elaboration is selected based on the
logic state of the sign bit of the feature or coefficient data X .
For example, if the sign bit is logic 0, indicative of a positive
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coeflicient data value, then the positive word line WL<B>+
is asserted during the elaboration. Conversely, if the sign bit
is logic 1, indicative of a negative coefficient data value, then
the negative word line WL<B>- is asserted during the
elaboration. The row controller circuit 118 still further
controls, for each corresponding actuated word line, the
width (i.e., the on time T,,,) of the generated pulsed word
line signal. This functionality is a form of a pulse width
modulation (PWM) control for the applied word line signals
dependent on the digital value of the received signed feature
or coefficient data X.

In an embodiment, the signed feature or coeflicient data
X5 is provided in multi-bit signed binary format, with a 4-bit
example as set forth in the following table:

Decimal Binary Decimal Binary

0 0000 0 1000
+1 0001 -1 1001
+2 0010 -2 1010
+3 0011 -3 1011
+4 0100 -4 1100
+5 0101 -5 1101
+6 0110 -6 1110
+7 0111 -7 1111

The use of a 4-bit format for the signed feature or
coefficient data X is just an example, it being understood
that the signed feature or coefficient data X can use any
selected number of bits depending on the computation
application.

It will be noted that the most significant bit of the signed
binary feature or coefficient data X provides the sign bit
(logic 0 is positive, logic 1 is negative) used to control
selection of the positive (WL<B>+) or negative (WL<B>-)
word line of the word line pair during both of the positive
and negative elaborations, while the remaining less signifi-
cant bits provide the value specifying the pulse width
duration for the word line signal applied to that selected
word line of the word line pair for each of the positive and
negative elaborations.

FIG. 1 illustrates, by way of example only, the simulta-
neous selection of all rows of groups 115, ; of memory cells
114 in response to the non-zero feature or coefficient data,
and further illustrates, by way of example only, an elabora-
tion (positive or negative) of the in-memory compute opera-
tion including the simultaneous actuation of certain positive
word lines (WL<1>+ and WL<2>+, for example) corre-
sponding to positively signed feature or coefficient data (X,
and X,, for example) with pulsed word line signals having
pulse widths set by the digital value of the corresponding
coeflicient data, along with the simultaneous actuation of
certain negative word lines (WL<N>-, for example) corre-
sponding to negatively signed feature or coefficient data
(X, for example) with pulsed word line signals having
pulse widths set by the digital value of the corresponding
coeflicient data. Again, it will be noted that a maximum of
only one word line of each word line pair is actuated. It will,
of course, be understood that the elaboration for the analog
in-memory compute operation may instead utilize a simul-
taneous selection of fewer than all rows of groups 115 of
memory cells 114 (through either Address signal selection or
through a zero value for the coefficient data Xj).

The analog signal Y, developed on the positive/negative
bit line BL. corresponding to the positive/negative elabora-
tion is dependent on the logic state of the bit of data g, for
the signed computational weight stored in the memory cells
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114 of the column and the widths of the pulsed word line
signals applied to the word lines WL for those memory cells
114. More specifically, it will be understood that each
memory cell 114 contributes a bit line BL discharge current
during the elaboration that is proportional to X xg_,. So, in
the example shown in FIG. 1 where the word line signals are
simultaneously applied to the word lines WL<1>+,
WL<2>+, ..., WL<N>—, the analog signal Y, developed
on the positive elaboration bit line BL<1>+ during the
positive elaboration is proportional to the sum of discharge
currents due to X, Xg,,, 0Xg,,, X,Xg3, 0Xg,,, ..., OXg,,
and X,Xg,,. Likewise, the analog signal Y,_ developed on
the negative elaboration bit line BL.<1>— during the negative
elaboration is proportional to the sum of discharge currents
due to X,xg,,, 0Xg,,, X,Xgys, 0Xgsy, . . ., 0Xg,, , and
XnX8gs,,- The overall result of the in-memory compute opera-
tion is a function of the difference between the analog
signals Y, sensed on the positive and negative elaboration
bit lines BL<1>+, BL.<A)— for the positive and negative
elaborations, respectively.

Let’s assume now, for example only, some specific signed
computational weights for the groups 115, ; of memory cells
114 in this column of groups. Group 115, is programmed
with a weight of —1 which is represented by the exchange
matrix

[V o}

Group 115, is programmed with a weight of 0 which is
represented by the zero matrix

[0 ol

Group 115, , is programmed with a weight of +1 which is
represented by the identity matrix

[0 2}

So, for this example, the analog signal Y, developed on the
positive elaboration bit line BL<1>+ during the positive
elaboration of the in-memory compute operation is propor-
tional to the sum of discharge currents due to X,;x0, 0x1,
X,X0, 00, . . ., 0x1 and X,x0; which would result in zero
discharge currents on the positive elaboration bit line
BL<1>+. The analog signal Y,_ developed on the negative
elaboration bit line BL.<1>— during the negative elaboration
of the in-memory compute operation is proportional to the
sum of discharge currents due to X;x1, 0x0, X,xO0,
0x0, . . ., 0x0 and X,x1; which would result in a sum of
discharge currents due to X;x1, . .., and X, X1 on the
negative elaboration bit line BL<1>—.

A column processing circuit 120 includes a column selec-
tion circuit coupled to the positive elaboration bit line
BL<A>+ and negative elaboration bit line BL<A>— of the
corresponding bit line pair. The column selection circuit is
controlled by the logic state of an elaboration control signal
ELAB generated by a control circuit and functions as a
multiplexer to selectively couple the negative elaboration bit
line BL<A>— to the ADC circuitry during the negative
elaboration of the in-memory compute operation (ELAB=0)
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and selectively couple the positive elaboration bit line
BL<A>+ to the ADC circuitry during the positive elabora-
tion of the in-memory compute operation (ELAB=1). The
ADC circuitry receives a bit line current indicative of the
analog signal Y ,_ developed on the negative elaboration bit
line BL<A>— during the negative elaboration (ELAB=0),
converts that bit line current through an integration process
to generate a first series of pulses using an integration
circuit, and then counts the number of pulses in the first
series of pulses using a counter circuit. The counted number
of pulses in the first series of pulses, and hence the current
count value in the counter circuit at this point, is a digital
value converted from the bit line current of the analog signal
Y,_. The ADC circuitry then performs a 2’s complement
operation on the count value in the counter circuit to produce
a negated count value. The ADC circuitry then receives a bit
line current indicative of the analog signal Y, developed on
the positive elaboration bit line BL<A>+ during the positive
elaboration (ELAB=1), converts that bit line current through
the integration process to generate a second series of pulses
using the integration circuit, and then counts (starting from
the negated count value) the number of pulses in the second
series of pulses using the counter circuit. The counted
number of pulses in the second series of pulses is a digital
value converted from the bit line current of the analog signal
Y 4. The count value in the counter circuit at this point is the
digital signal dY, which has a digital value equal to the
difference between the digital value converted from the
analog signal Y,, and digital value converted from the
analog signal Y, (in other words, dY ,=—(dY, HdY,, =
dY,,—dY,_, where “d” signifies the digital value of the
analog signal Y,_,, obtained through the integration and
counting operations of the ADC circuitry).

Let’s consider a specific example to illustrate the opera-
tion performed by the column processing circuit 120. The
negative elaboration bit line BL<A>— is connected to the
ADC circuitry during the negative elaboration of the in-
memory compute operation (ELAB=0) and the bit line
current iBL<A> on the negative elaboration bit line
BL<A>-is integrated to generate a first series of pulses. The
value in the counter circuit is reset and then incremented by
one in response to each of the 350 pulses in the first series
of pulses and thus the binary value in the counter circuit is
(0b 01 0101 1110=350). Next, the ADC circuitry performs
a2’s complement operation on the count value in the counter
circuit to produce a negated count value. This 2’s comple-
ment operation involves: a) inverting the logic state of each
bit of the value in the counter circuit to produce (0b 10 1010
0001==351); and then b) adding one to produce the negated
count value in the counter circuit as (Ob 10 1010 0010=—
350). The positive elaboration bit line BL<A>+ is then
connected to the ADC circuitry during the positive elabo-
ration of the in-memory compute operation (ELAB=1) and
the bit line current iBL<A> on the positive elaboration bit
line BL<A>+ is integrated to generate a second series of
pulses. The negated value in the counter circuit is incre-
mented by one in response to each of the 200 pulses in the
second series of pulses and thus the binary value in the
counter circuit is (Ob 11 0110 1010=—150).

The column processing circuit 120 further includes digital
signal processing circuitry for storing the resulting digital
signals dY, for the in-memory compute operation and
performing digital computations and calculations on the
digital signals dY, to generate a decision output for the
in-memory compute operation.

Although FIG. 1 illustrates that one analog-to-digital
converter (ADC) is provided for each bit line pair, it will be
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understood that ADC resources in the column processing
circuit 120 could instead be shared by multiple bit line pairs
using time division multiplexing.

Although not explicitly shown in FIG. 1, it will be
understood that the circuit 110 further includes conventional
row decode, column decode, and read-write circuits known
to those skilled in the art for use in connection with writing
bits of data (for example, the computational weight data) to,
and reading bits of data from, the memory cells 114 of the
memory array 112. This operation is referred to as a con-
ventional memory access mode and is distinguished from
the analog in-memory compute operation discussed above.

Reference is now made to FIG. 2 which shows a circuit
diagram for the row controller 118. A latch circuit 152 is
provided for each row of groups 115z of memory cells 114
to latch, for example in response to a decoded Address value,
the corresponding sign and value of the signed digital value
of'the coeflicient data X ;. A logic circuit 150 is provided for
each row of groups 1155 of memory cells 114. The logic
circuits 150, to 150, assert a start signal (Startg), for
example in response to a global start signal generated by the
control circuit, at a beginning of each of the positive and
negative elaborations of the in-memory compute operation.
The generation of this start signal may, for example, be
dependent on the corresponding signed digital value of the
coeflicient data X having a non-zero value for the analog
in-memory compute operation. A global counter circuit 154
increments a count value (Count) starting from a zero reset
at the beginning of each (positive/negative) elaboration for
the in-memory compute operation, wherein the elaboration
ends when the Count reaches a maximum value. A compare
circuit 156 for each row of groups 115, of memory cells
114 is coupled to the latch circuit 152 and compares the
count value Count to the latched digital value of the coef-
ficient data X . The output of the compare circuit 156 is
asserted when the count value Count meets or exceeds the
latched digital value. A set-reset latch circuit 158; has a
set(S) input coupled to receive the Starts signal output from
the logic circuit 150 and a reset (R) input coupled to receive
the output of the compare circuit 156;. A combinational
logic circuit 1605 logically combines the output (Q) of the
set-reset latch circuit 158 and the logical inverse of the sign
bit Sign, from the latch circuit 152 to generate the pulsed
word line signal for application to the driver circuit 116 of
the positive word line WL<B>+. A combinational logic
circuit 162 logically combines the output (Q) of the set-
reset latch circuit 158 and the sign bit Sign from the latch
circuit 152, to generate the pulsed word line signal for
application to the driver circuit 116 of the negative word line
WL<B>-. In an embodiment, the combinational logic cir-
cuits 160, and 1625 are logic AND gates.

Operation of the circuitry within the row controller 118 is
as follows: At the beginning of the in-memory compute
operation, the address signal Address is decoded to control
selective loading of the digital values of the coefficient data
X, to X, for latching by the latch circuits 152, to 152, and
the global counter 154 is reset. If the digital value of the
coeflicient data is non-zero, the logic circuit 150 indicates
selection of the row of groups 115 of memory cells 114,
the start signal Starts output of the logic circuit 1505 is
asserted logic high at the beginning of each of the positive
and negative elaborations, and the set-reset latch circuit
158;, is set with its output Q logic high. If the sign bit Sign
is logic 0, indicating that the digital value of the coeflicient
data X is positive, both inputs of the AND gate 160 are
logic high and the output of the AND gate 160 transitions
to logic high to provide the leading edge of the word line
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signal pulse on the positive word line WL<B>+. Conversely,
if the sign bit Signy is logic 1, indicating that the digital
value of the coefficient data X is negative, both inputs of the
AND gate 162 are logic high and the output of the AND
gate 162 transitions to logic high to provide the leading
edge of the word line signal pulse on the negative word line
WL<B>-. The global counter 154 then begins incrementing
the Count value. When the incrementing Count value meets
or exceeds the digital value of the coefficient data X; latched
by the latch circuit 1525, the output of the compare circuit
156 is asserted logic high, and the set-reset latch circuit
158 is reset with its output Q logic low. This logic low
output is applied to both of the AND gates 160, and 162,
and whichever output of those AND gates is logic high
(corresponding to assertion of the word line signal pulse)
will transition to logic low to provide the trailing edge of the
word line signal pulse. The pulse width (i.e., the on time
Ton) of the generated pulsed word line signal is thus
dependent on the amount of time needed during the elabo-
ration of the in-memory compute operation for the incre-
menting Count value to reach the digital value of the
coeflicient data X;. When the Count reaches its maximum
value, the given elaboration ends.

Reference is now made to FIG. 3 which shows a circuit
diagram for an instance of the ADC circuit (referred to
herein as a digital detector 22 circuit). Each ADC circuit
digital detector 22 is coupled to a respective bit line pair
BL<A>+ and BL.<A>- through a column selection circuit
controlled by the elaboration signal ELAB. A current
iBL<A> flowing through the selected bit line BL<A>+ and
BL<A>- is mirrored by a current mirror circuit 35 of the
digital detector 22.

Each digital detector 22 for a bit line pair BL<A>+ and
BL<A>- comprises an integration stage 33 and a counter
stage 34.

The integration stage 33 comprises a first integration
circuit 41, a second integration circuit 42, and a switching
circuit 43 coupled between the first and the second integra-
tion circuits 41, 42.

The first and second integration circuits 41, 42 are
coupled to receive the mirrored bit line current iBL.<A> as
a bias current.

The first integration circuit 41 comprises a first inverter
45, a capacitor CA coupled at the output of the first inverter
45, and a second inverter 48 having an input coupled to the
output of the first inverter 45. The first inverter 45 has a
supply node (for example, the source node of the PMOS
transistor within the inverter 45) coupled, and biased by, the
mirrored bit line current iBL.<A> and an input configured to
receive a first control signal INA.

The capacitor CA has a first terminal coupled to the output
of the first inverter 45 and a second terminal coupled to a
reference potential node, for example ground.

The output of the first inverter 45 is at a first integration
voltage that drops across the capacitor CA.

The second inverter 48 has a first sampling threshold,
hereinafter referred to as first threshold voltage Vthl, and
has an input coupled to receive the first integration voltage
across capacitor CA. The output of the second inverter 48
provides a switch control signal to control actuation of a first
switch SwA as a function of the first threshold voltage Vthl
and the first integration voltage.

The switch control signal for first switch SwA is a logic
signal having a high logic value when the first integration
voltage is smaller than the first threshold voltage Vthl, and
a low logic value when the first integration voltage is higher
than the first threshold voltage Vthl.
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The second integration circuit 42 comprises a first inverter
50, a capacitor CB coupled at the output of the first inverter
50, and a second inverter 53 having an input coupled to the
output of the first inverter 50. The first inverter 50 has a
supply node (for example, the source node of the PMOS
transistor within the inverter 50) coupled, and biased by, the
mirrored bit line current iBL<A> and input configured to
receive a second control signal INB.

The capacitor CB has a first terminal coupled to the output
of the first inverter 50 and a second terminal coupled to a
reference potential node, for example ground.

The output of the first inverter 50 is at a second integration
voltage that drops across the capacitor CB.

The second inverter 53 has a second sampling threshold,
hereinafter referred to as second threshold voltage Vth2, and
has an input coupled to receive the second integration
voltage across capacitor CB. The output of the second
inverter 53 provides a switch control signal to control
actuation of a second switch SwB as a function of the second
threshold voltage Vth2 and the second integration voltage.

The switch control signal for second switch SwB is a logic
signal having a high logic value when the second integration
voltage is smaller than the second threshold voltage Vth2,
and a low logic value when the second integration voltage is
higher than the second threshold voltage Vth2.

In this embodiment, the first threshold Vth1 is preferably
equal to the second threshold Vth2; however, the first
threshold Vthl may be different to the second threshold
Vth2, depending on the specific application.

The switching circuit 43 comprises a latch formed by two
inverters arranged in a ring (or cross-coupled) configuration.
The switching circuit 43 further comprises the first switch
SwA which is controlled by the first switch signal and the
second switch SwB which is controlled by the second switch
signal.

The latch of the switching circuit 43 has a first node 60
coupled to the input of one of the two inverters and the
output of the other of two inverters, and a second node 61
coupled to the output of the one of the two inverters and the
input of the other of the two inverters.

The first node 60 provides the first control signal INA.
The second node 61 provides the second control signal INB.

The switched circuit path for the first switch SwA is
coupled between the first node 60 and a node at a supply
voltage Vdd. The switched circuit path for the second switch
SwB is coupled between the second node 61 and the node at
the voltage Vdd.

The supply voltages Vdd for the current mirror circuit 35
and the switching circuit 43 may be equal or may be
different.

The switching circuit 43 further receives an enable signal
EN, which controls the activation of the switching circuit 43.
For example, the enable signal EN may be used to keep the
switching circuit 43 in an off state when not in use, thereby
allowing to optimize power consumption. In addition, the
enable signal EN may be used to set each of the nodes 60 and
61 of the switching circuit 43 in a defined logic state, for
example at start-up.

The charge counter stage 34 may have an input coupled
to receive either the first control signal INA or the second
control signal INB. FIG. 3 shows an implementation where
the first control signal INA is applied as the input. At its core,
the charge counter stage 34 is a ripple counter circuit formed
by a plurality of D flip-flops 67. The first D flip-flop 67.1 has
a clock input coupled to receive the first control signal INA.
The Q output of the first D flip-flop 67.1 provides the first
bit (i.e., the least significant bit) of the output digital signal
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Y ,. The QB output of the first D flip-flop 67.1 is connected
in feedback to the D input of the first D flip-flop 67.1. The
second D flip-flop 67.2 has a clock input coupled to receive
the signal from the QB output of the first D flip-flop 67.1.
The Q output of the second D flip-flop 67.2 provides the
second bit (i.e., the next more significant bit) of the output
digital signal Y ,. The QB output of the second D flip-flop
67.2 is connected in feedback to the D input of the second
D flip-flop 67.2. This connection scheme continues for the
remaining D flip-flops 67 of the ripple counter circuit. Thus,
the last D flip-flop 67.F has a clock input coupled to receive
the signal from the QB output of the next to last D flip-flop
67.F-1 The Q output of the last D flip-flop 67.F provides the
last bit (i.e., the most significant bit) of the output digital
signal Y ,. The QB output of the last D flip-flop 67.F is
connected in feedback to the D input of the last D flip-flop
67.F.

The first control signal INA comprises a series of pulses
generated at a rate which is dependent on the integration of
the bit line current iBL<A> from the selected one of the bit
lines during the elaboration. The ripple counter circuit of the
charge counter stage 34 functions to count the number of
pulses in the first control signal INA. The counted number
of pulses in the series of pulses provided by the first control
signal INA is a digital value converted from the bit line
current iBL.<A> of the analog signal Y ,.

The ripple counter circuit includes additional circuitry to
support performance of the 2°s complement operation on the
count value in the counter circuit to produce a negated count
value after completion of the negative elaboration. As
known to those skilled in the art, the 2’s complement
operation is effectuated on a multi-bit binary data value by
first inverting the logic state of each bit and then adding
(incrementing by) one. The signal applied to the clock input
of each D flip-flop 67 is selected by a multiplexer circuit 68
when performing the 2°s complement operation to instead be
an inverse pulse (IP) when a select signal Sel generated by
the control circuit is asserted in a first logic state. This will
effectuate the inverting of the logic state of each bit of the
multi-bit binary data value stored by the D flip-flops
67.1, .. ., 67.F part of the 2’s complement operation. The
control circuit then sets the select signal Sel to a second logic
state for returning the charge counter stage 34 back to the
ripple counter configuration. In response thereto, the multi-
plexer circuit 68.1 will connect the input of the ripple
counter circuit to the clock input of the first D flip-flop 67.1,
pass and the remaining multiplexer circuits 68.2, . . ., 68.F
will connect the clock input of each D flip-flop 67.2, . . .,
67.F to the QB output of the preceding D flip-flop
67.1, ..., 67.F-1. The control circuit will then further apply
a single pulse (Pulse) at the input of the ripple counter
circuit. This will effectuate the add (increment by) one part
of the 2’s complement operation.

FIG. 4 shows an example of the time behavior of the first
control signal INA, the first integration voltage (V) on
capacitor CA and the second integration voltage (V) on
capacitor CB of the digital detector 22 of FIG. 3.

For the time period t0<t<t1, the first integration voltage
V , is below the first threshold Vth1. Accordingly, the output
of the second inverter 48 of the first integration circuit 41 is
logic high. Therefore, the first switch signal will control the
first switch SwA to be open. The first control signal INA this
has a logic low value.

It follows that, with respect to the first inverter 45 of the
first integration circuit 41, for the time period t0<t<tl, the
PMOS transistor of the first inverter 45 is turned on and the
mirrored bit line current iBL<A> flows, from the current
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mirror 35, through the first inverter 45 of the first integration
circuit 41 to charge the capacitor CA.

At the same time, for the time period t0<t<t1, the second
control signal INB has a logic high value. Therefore, with
respect to the first inverter 50 of the second integration
circuit 42, for the time period t0<t<t1, the output of the first
inverter 50 is logic low. Accordingly, the mirrored bit line
current iBL<A> does not flow, from the current mirror 35,
through the first inverter 50 of the second integration circuit
42.

In response to the mirrored bit line current iBL<A>
flowing through the PMOS transistor of the first inverter 45,
the first integration voltage V , across capacitor Ca increases
during the time period t0<t<tl.

The first integration voltage V , increases linearly during
time period t0<t<tl; however, the behavior of the first
integration voltage V, depends on the specific behavior of
the bit line current iBL<A> during the time period t0<t<tl.

When the first integration voltage V, becomes equal to
the first threshold voltage Vthl, the output of the second
inverter 48 changes to logic low. The switch SwA is then
actuated and the first control signal INA assumes the logic
high value at time 12.

The time delay between time t1 and time t2 may corre-
spond, for example, to the propagation delay of the second
inverter 48 of the first integration circuit 41 and/or the
switching time of the first switch SwA.

For the time period t1<t<t2, the mirrored bit line current
iBL<A> continues to charge the capacitor CA through the
inverter 45. Thus, the first integration voltage V, will
continue to increase up to a maximum value at time t2.

At time t2, when the first control signal INA assumes the
high value, the second control signal INB (here not shown)
assumes the low value (note: the inverter 56 of the switching
circuit 43 receives the first control signal INA at input).

While the first control signal INA has the high value, the
output of the first inverter 45 is coupled by the NMOS
transistor of the first inverter 45 of the first integration circuit
41 to the ground node. At the same time, while the second
control signal INB has the low value, the PMOS transistor
of the first inverter 50 of the second integration circuit 42
turns on, and the mirrored bit line current iBL<A> flows,
from the current mirror 35, through the first inverter 50 of
the second integration circuit 42 to charge the capacitor CB.

Therefore, for time t>t2, the mirrored bit line current
iBL<A> flows, from the current mirror 35, only through the
first inverter 50 of the second integration circuit 42 and not
through the first inverter 45 of the first integration circuit 41.

The mirrored bit line current iBL<A> flowing through the
PMOS transistor of the first inverter 50 charges the capacitor
CB of the second integration circuit 42. The second inte-
gration voltage V thus increases in time from time t2.

The second integration voltage V5 increases linearly in
time for t>t2; however, the behavior of the second integra-
tion voltage Vz depends on the specific behavior of the bit
line current iBL<A>.

While the first control signal INA has the high value, the
capacitor CA of the first integration circuit 41 discharges to
ground through the NMOS transistor of the first inverter 45.
The first integration voltage V , thus decreases to zero.

When the second integration voltage Vz becomes equal to
the second threshold voltage Vth2 (at time t3), the output of
the second inverter 53 changes to logic low.

Accordingly, at a time t4, the second control signal INB
assumes the high value, similarly to what has been discussed
above for the first control signal INA in correspondence of
time t2.
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In response to the second integration voltage V reaching
the second threshold Vth2, the second switch signal switches
to the low value and the second switch SwB closes. In
response, the second control signal INB assumes the high
value.

The time delay between time t3 and time t4 may corre-
spond, for example, to the propagation delay of the second
inverter 53 of the second integration circuit 42 and/or the
switching time of the second switch SwB.

For the time period t3<t<t4, the mirrored bit line current
iBL<A> continues to charge the capacitor CB of the second
integration circuit 42; accordingly, the second integration
voltage Vj increases up to a maximum value (instant t4).

For the time period 12<t<t4, the switching circuit 43 keeps
the first control signal INA at the high value and the second
control signal INB at the low value.

At the time instant t4, the first control signal INA assumes
the low value again, in response to the second control signal
INB assuming the high value.

In response to the first control signal INA assuming the
low value, the mirrored bit line current iBL<A> returns to
charging the capacitor CA of the first integration circuit 41.
The previous process then repeats.

With reference to FIG. 3, the counter stage 34, in par-
ticular the ripple counter circuit formed by the connected
flip-flops 67.1, . . ., 67.F, counts the number of pulses in the
first control signal INA. More specifically, the counter stage
functions to count the number of switching events of the first
control signal INA, and even more particularly in this
embodiment counts the number of rising edges of the first
control signal INA.

In practice, each ADC circuit digital detector 22 measures
the bit line current iBL<A> of the positive elaboration bit
line BL<A>+ or negative elaboration bit line BL<A>-
selected by the column selection circuit (dependent on the
logic state of the elaboration control signal ELAB) by
performing a number of successive sampling iterations. In
each sampling iteration, for example with respect to a
sampling iteration wherein the mirrored bit line current
iBL<A> flows through the first integration circuit 41, the
integration stage 33 generates the first integration voltage V ,
as the time integral of the mirrored bit line current iBL<A>,
compares the first integration voltage V, with the first
threshold Vthl and, in response to the first integration
voltage V , reaching the first threshold Vthl, resets the first
integration voltage V ,, in particular here by switching the
first control signal INA. The counter stage 34 increments the
count value with each switching of the first control signal
INA.

In other words, each digital detector 22 samples each
respective bit line current iBL<A> by converting the bit line
current iBL<A> into a number of charge packets indicated
by pulses of the first control signal INA and counting those
charge packets, wherein each charge packet corresponds to
the charge accumulated on the capacitors CA, CB that
causes a switch of the second inverters 48, 53.

According to the illustrated embodiment, the switching
circuit 43 disables the first integration circuit 41 and enables
the second integration circuit 42, in response to the first
integration signal V , reaching the first threshold Vthl, and
enables the first integration circuit 41 and disables the
second integration circuit 42, in response to the second
integration signal Vz reaching the second threshold Vth2.
This allows the bit line current iBL<A> to be sampled
alternatively by the first integration circuit 41 and the second
integration circuit 42, thereby allowing the bit line current
iBL<A> to charge the capacitor CA while the capacitor CB
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is discharging, and to charge the capacitor CB while the
capacitor CA is discharging. By doing so, no bit line charge
is lost during the sampling and the digital detector 22 may
achieve a high measurement accuracy of the bit line current
iBL<A>.

Reference is now made to FIG. 5 which shows a simpli-
fied timing diagram for operation of the circuit 110 in
connection with one overall in-memory compute operation
including two separate elaborations (i.e., one negative elabo-
ration followed by one positive elaboration). At time t1, a
latch control signal is asserted to cause the latch circuits
152, to 152, to latch the signed digital values of the
coeflicient data X, to X,, and the overall in-memory com-
pute operation begins. At time t2, responsive to a first logic
state (for example, logic 0) of an elaboration indicator signal
(ELAB) generated by the control circuit, the column select
circuitry of the column processing circuit 120 selects the
negative elaboration bit lines BL.<A>- through the multi-
plexing in connection with performing the negative elabo-
ration of the in-memory compute operation. We assume here
the example discussed above and shown in FIG. 1 where
there is a simultaneous selection of all rows of groups 115
of memory cells 114 in response to the non-zero values of
the coeflicient data, and the simultaneous actuation in
response to assertion of the Start; signals at time t3 of the
word lines WL<1>+, WL<2>+ corresponding to the positive
feature or coeflicient data X, X, with pulsed word line
signals and also the word line WL<N>- corresponding to
the negative feature or coefficient data X,, with a pulsed
word line signal. Also at time t3, the previously reset Count
value begins to increment. At time t4, the incrementing
Count value meets or exceeds the digital value of the
coefficient data X, and the word line signal pulse on the
positive word line WL<1>+ terminates. At time t5, the
incrementing Count value meets or exceeds the digital value
of the coefficient data X,, and the word line signal pulse on
the positive word line WL<2>+ terminates. At time t6, the
incrementing Count value meets or exceeds the digital value
of the coefficient data X, and the word line signal pulse on
the negative word line WL<N>- terminates. At time t7, the
Start signal is deasserted and the Count value is reset.

Starting at time t3, each ADC begins integrating the bit
line current iBL<A> from the negative elaboration bit lines
BL<A>- to generate a first series of pulses and the count
value in the ripple counter increments in response to each
pulse of the first series. The incrementing of the count value
for the negative elaboration continues until time t8 which is
after all word lines have been deactuated. At time t9, the
control circuit asserts the select signal Sel to disconnect the
ripple counter configuration and cause the multiplexers 68 in
each ADC circuit to pass the inverse pulse IP signal at time
t10. In response to the application of the inverse pulse IP
signal to the clock inputs of the D flip-flops 67 in each ADC
circuit, the bits of the count value for the negative elabora-
tion are logically inverted (performing step a) of the 2’s
complement operation as discussed above). The select signal
is then deasserted to cause the multiplexers 68 in each ADC
circuit to revert back to the ripple counter connection and the
control circuit then applies a single pulse Pulse to the input
of the ripple counter at time t11. This will cause an incre-
ment by one of the logically inverted bits of the count value
(performing step b) of the 2’s complement operation as
discussed above). This will produce, through the 2’s
complement operation, a negated elaboration value to reside
in the D flip-flops 67 in each ADC circuit.

At time t12, responsive to a second logic state (for
example, logic 1) of the elaboration indicator signal (ELAB)
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generated by the control circuit, the column select circuitry
of the column processing circuit 120 selects the positive
elaboration bit lines BL<A>+ through the multiplexing in
connection with performing the positive elaboration of the
in-memory compute operation. We again assume here the
example discussed above and shown in FIG. 1 where there
is a simultaneous selection of all rows of groups 115 of
memory cells 114 in response to the non-zero coeflicient
data, and the simultaneous actuation in response to assertion
of the Starty signals at time t12 of the word lines WL<1>+,
WL<2>+ corresponding to the positive feature or coeflicient
data X, X, with pulsed word line signals and the word line
WL<N>- corresponding to the negative feature or coeffi-
cient data X, with a pulsed word line signal. Also at time
112, the previously reset Count value begins to increment. At
time t13, the incrementing Count value meets or exceeds the
digital value of the coeflicient data X,, and the word line
signal pulse on the positive word line WL<1>+ terminates.
At time t14, the incrementing Count value meets or exceeds
the digital value of the coefficient data X,, and the word line
signal pulse on the positive word line WL<2>+ terminates.
At time t15, the incrementing Count value meets or exceeds
the digital value of the coefficient data X, and the word line
signal pulse on the negative word line WL<N>- terminates.
At time t16, the Start signal is deasserted and the Count
value is reset. At time t17, the positive elaboration ends.

Starting at time t12, each ADC begins integrating the bit
line current iBL<A> from the positive elaboration bit lines
BL<A>+ to generate a second series of pulses and the count
value in the ripple counter increments starting from the
negated elaboration value (produced as noted above by
performing the 2’°s complement operation on the count value
for the negative elaboration) in response to each pulse of the
second series. The incrementing of the count value for the
positive elaboration continues until time t16 when all word
lines have been deactuated. At time t17, when the positive
elaboration ends to resulting count value in the D flip-flops
68 of each ADC circuit may be output as the digital signal
dy,.

Reference is now made to FIG. 6 which shows a sche-
matic diagram of an in-memory computation circuit 210.
The circuit 210 utilizes a memory array 212 formed by a
plurality of memory cells 214, arranged in a matrix format
having m columns and n rows, where a is an integer from 1
to m and b is an integer from 1 to n. The array 212 is
arranged to include groups 215,, to 215, of memory cells
114, wherein each group 215,z includes two memory cells
arranged in a 1x2 matrix, where a is an integer from 1 to m
and B is an integer from 1 to N. With this arrangement, there
are N rows of groups 215,z and m columns of groups 2155
(where N=n/2).

Each group 215, of memory cells 214 stores a signed
computational weight (also referred to as kernel data) for an
in-memory compute operation. Each memory cell 214 can
be programmed to store a bit of data g,,, with the two bits
of'data g, stored by the corresponding two memory cells of
each group 215, forming the signed computational weight
of that group 215 5. Each bit of data has either a logic “1”
or a logic “0” value which is represented, for example, by a
programmable conductance in the memory cell 214. A
signed computational weight of “+1” for a given group
215 is represented by programming logic “1” in an upper
memory cell (for example, see g,,=1 of group 215,,), and
programming logic “0” in a lower memory cell (for
example, see g,,=0 of group 215,,) as illustrated by the
matrix
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also referred to in the art as a (positive) single entry matrix.
A signed computational weight of “—1” for a given group
215, is represented by programming logic “0” in the upper
memory cell (for example, see g,,=0 of group 215,,), and
programming logic “1” in a lower memory cell (for
example, see g,,=1 of group 215,,) as illustrated by the
matrix:

also referred to in the art as a (negative) single entry matrix.
A signed computational weight of “0” for a given group
215, is represented by programming logic “0” in both
memory cells (for example, see g,,=0, g,,=0 of group
215,,) as illustrated by the matrix:

also referred to in the art as a zero matrix.

In an embodiment of the memory array 212, each memory
cell 214 comprises a phase change memory (PCM) cell
formed by a select circuit (MOSFET transistor, BJT tran-
sistor, diode device, etc.) 214t operating as a switching
element and a variable resistive element 214r providing a
programmable conductance. In the case of a MOSFET
transistor for the select circuit 214z, the control node (gate)
of the MOSFET transistor is connected to the word line WL.
The source-drain path of the MOSFET transistor is con-
nected in series with the variable resistive element 214r
between the bit line BL and a reference node (for example,
a source line or ground). More specifically, a drain of the
MOSEFET transistor is connected to a first terminal of the
variable resistive element 214, the source of the MOSFET
transistor is connected to the reference node, and the second
terminal of the variable resistive element 214r is connected
to the bit line BL.

As is well known to those skilled in the art, a PCM-type
memory cell 214 is configured to store data using a phase
change material (such as a chalcogenide) that is capable of
stably transitioning between amorphous and crystalline
phases according to an amount of heat transferred thereto.
The amorphous and crystalline phases exhibit two or more
distinct resistances (corresponding to the variable resistive
element 214r), in other words two or more distinct conduc-
tances, which are used to distinguish two or more distinct
logic states programmable into the memory cell. The amor-
phous phase exhibits a relatively higher resistance (i.e., a
lower conductance) and thus the current sunk from the bit
line BL by the memory cell programmed in this state when
selected by assertion of the word line signal at the gate of the
select circuit 214¢ is relatively smaller. Conversely, the
crystalline phase exhibits a relatively lower resistance (i.e.,
a higher conductance) and thus the current sunk from the bit
line BL by the memory cell programmed in this state when
selected by assertion of the word line signal at the gate of the
select circuit 214¢ is relatively larger.

In an embodiment for a specific, but non-limiting,
example for two distinct logic states: the amorphous phase
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may represent programming of the memory cell to logic “0”
(or reset state) for the associated coefficient weight and the
crystalline phase may represent programming of the
memory cell to logic “1” (or set state) for the associated
coefficient weight. Although binary (i.e., two distinct logic
states) data is described in detail herein, it will be understood
that the memory cell 214 may instead support storage of
m-ary (i.e., three or more distinct logic states) data in some
applications.

It will be understood that other memory cell types could
instead be used for the array 212. For example, magnetore-
sistive random access memory (MRAM) cells or resistive
random access memory (RRAM) cells could be used. The
memory cell may alternatively comprise a static random
access memory (SRAM) cell.

Each memory cell 214 includes a word line WL and a bit
line BL. The memory cells 214 in a common row of the
matrix are connected to each other through a common word
line WL. The groups 215_, of memory cells 214 in a
common row of groups 215_, are connected to each other
through a positive word line WL.<B>+ and a negative word
line WL.<B>— (which form a word line pair for the common
row of groups 215_,). More specifically, the positive word
line WL<B>+ is connected to the upper memory cell in the
1x2 matrix for the group (for example, see WL<1>+ for g,,
of group 215,,), while the negative word line WL<B>— is
connected to the lower memory cell in the 1x2 matrix for the
group (for example, see WL<1>— for g,, of group 215,)).

The memory cells 214 in a common column of the matrix
are connected to each other through a common bit line BL.
The groups 215 of memory cells 214 in a common column
of groups 215_, are connected to each other through a bit
line BL<a>. More specifically, the bit line BL.<a> is con-
nected to the two memory cells in the 1X2 matrix for the
group (for example, see BL<1> for g,, and g,, of group
215,).

Each word line WL is driven by a word line driver circuit
216 with a pulsed word line signal generated by a row
controller circuit 218. The word line driver circuit 216 may
be implemented as a CMOS driver or buffer circuit (for
example, formed by the series connection of two CMOS
logic inverters).

The row controller circuit 218 receives the signed feature
or coefficient data X, to X, for the in-memory compute
operation. The row controller circuit 218 also receives an
address signal (Address) for the in-memory compute opera-
tion and in response thereto selectively loads the signed
feature or coefficient data X, to X, for association with the
rows of groups 215, ; of memory cells 214 which are to be
simultaneously selected in parallel during each elaboration
of the analog in-memory compute operation. During the
simultaneous access for a given elaboration, only one word
line of each word line pair (WL<B>+ or WL<B>-) is
actuated with a pulsed word line signal. The actuated one
word line of the word line pair is selected based on: a) which
one of a positive elaboration or a negative elaboration is
being performed (this being indicated by the logic state of an
elaboration control signal ELLAB generated by a control
circuit), and b) the logic state of the sign bit of the feature
or coefficient data X. For example, consider the following
cases: Case (1) if the positive elaboration is being performed
(signal ELAB is logic 1) and the sign bit is logic 0, indicative
of a positive coefficient data value, then the positive word
line WL<B>+ is asserted; Case (2) if the positive elaboration
is being performed (signal ELAB is logic 1) and the sign bit
islogic 1, indicative of a negative coefficient data value, then
the negative word line WL<B>— is asserted; Case (3) if the
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negative elaboration is being performed (signal ELAB is
logic 0) and the sign bit is logic 0, indicative of a positive
coefficient data value, then the negative word line WL<B>—
is asserted; and Case (4) if the negative elaboration is being
performed (signal ELAB is logic 0) and the sign bit is logic
1, indicative of a negative coefficient data value, then the
positive word line WL<B>+ is asserted. The row controller
circuit 218 still further controls, for each corresponding
actuated word line, the width (i.e., the on time T, of the
generated pulsed word line signal. This functionality is a
form of a pulse width modulation (PWM) control for the
applied word line signals dependent on the digital value of
the received signed feature or coefficient data X.

In an embodiment, the signed feature or coefficient data
X is provided in a multi-bit signed binary format, with a
4-bit example as set forth in the following table:

Decimal Binary Decimal Binary

0 0000 0 1000
+1 0001 -1 1001
+2 0010 -2 1010
+3 0011 -3 1011
+4 0100 —4 1100
+5 0101 -5 1101
+6 0110 —6 1110
+7 0111 -7 1111

The use of a 4-bit format for the signed feature or
coefficient data X is just an example, it being understood
that the signed feature or coefficient data X, can use any
selected number of bits depending on the computation
application.

It will be noted that the most significant bit of the signed
binary feature or coefficient data X, provides the sign bit
(logic 0 is positive, logic 1 is negative) used to control
selection of the positive (WL<B>+) or negative (WL<B>-)
word line of the word line pair dependent on the positive/
negative elaboration, while the remaining less significant
bits provide the value specifying the pulse width duration for
the word line signal applied to that selected word line of the
word line pair during each elaboration.

FIG. 6 illustrates, by way of example only, the simulta-
neous selection of all rows of groups 215, of memory cells
214 in response to non-zero coefficient data, and further
illustrates, by way of example only with solid word line
signal pulses (with adjacent parenthetical numbers identify-
ing the particular case as noted above), the positive elabo-
ration of the in-memory compute operation (ELAB=1)
including the simultaneous actuation of certain positive
word lines (WL<1>+ and WL<2>+, for example) corre-
sponding to positively signed feature or coefficient data (X,
and X, for example) with pulsed word line signals having
pulse widths set by the digital value of the corresponding
coefficient data (case (1)), along with the simultaneous
actuation of certain negative word lines (WL<N>—, for
example) corresponding to negatively signed feature or
coefficient data (X,, for example) with pulsed word line
signals having pulse widths set by the digital value of the
corresponding coefficient data (case (2)).

FIG. 6 further illustrates, by way of example only, the
simultaneous selection of all rows of groups 215, of
memory cells 214 in response to non-zero coefficient data,
and further illustrates, by way of example only with dotted
word line signal pulses (with adjacent parenthetical numbers
identifying the particular case as noted above), the negative
elaboration of the in-memory compute operation (ELAB=0)
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including the simultaneous actuation of certain negative
word lines (WL<1>— and WL<2>—, for example) corre-
sponding to positively signed feature or coefficient data (X,
and X, for example) with pulsed word line signals having
pulse widths set by the digital value of the corresponding
coefficient data (case (3)), along with the simultaneous
actuation of certain positive word lines (WL<N>+, for
example) corresponding to negatively signed feature or
coefficient data (X,, for example) with pulsed word line
signals having pulse widths set by the digital value of the
corresponding coefficient data (case (4)).

It will, of course, be understood that the positive/negative
elaborations for the analog in-memory compute operation
may instead utilize a simultaneous selection of fewer than all
rows of groups 215, of memory cells 214 (through either
Address signal selection or through a zero value for the
coefficient data Xj).

The analog signal Y, developed during each positive or
negative elaboration on each bit line BL.<a> is dependent on
the logic state of the bit of data g, for the signed compu-
tational weight stored in the memory cells 214 of the column
and the widths of the pulsed word line signals applied to the
word lines WL for those memory cells 214. More specifi-
cally, it will be understood that each memory cell 214
contributes a bit line BL. discharge current during the elabo-
ration that is proportional to XgXg,_,. So, in the example
shown in FIG. 6 where the (solid) word line signals are
simultaneously applied to the word lines WL<1>+,
WL<2>+, . . ., WL<N>- during the positive elaboration
(ELAB=1) of the in-memory compute operation, the analog
signal Y, developed on the bit line BL<1> is proportional to
the sum of discharge currents due to X,Xg,,, 0Xg,,, X,Xg,3,
0Xgy4s - - - » OXgq,q and X,Xg,,. Conversely, where the
(dotted) word line signals are simultaneously applied to the
word lines WL<1>—, WL<2>—, . . ., WL<N>+ during the
negative elaboration (ELAB=0) of the in-memory compute
operation, the analog signal Y, developed on the same bit
line BL<1> is proportional to the sum of discharge currents
due to 0xg,,, X,Xg5, 0Xg 5, XoXg1s . - ., XyX8y,., and
0xg,,,. The overall result of the in-memory compute opera-
tion is a function of the difference between analog signals
developed during the positive and negative elaborations.

Let’s assume now, for example only, some specific signed
computational weights for the groups 215, of memory cells
214 in this column of groups. Group 215,; is programmed
with a weight of —1 which is represented by the matrix

Group 115, is programmed with a weight of 0 which is
represented by the matrix

Group 115, , is programmed with a weight of +1 which is
represented by the matrix
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So, for this example, the analog signal Y, developed on the
bit line BL<1> during the positive elaboration (ELAB=1), is
proportional to the sum of discharge currents due to X, x0,
0x1, X,x0, 0x0, . . ., 0x1 and X,x0; which would result in
zero discharge currents on the bit line BL.<1>. The analog
signal Y, developed on the bit line BL.<1> during the
negative elaboration (ELAB=0), is proportional to the sum
of discharge currents due to 0x0, X,x1, 0x0, X,x0, . . .,
X1 and 0x0; which results in a sum of discharge currents
due to X;x1, . .., and X,x1 on the bit line BL.<1>.

A column processing circuit 220 includes ADC circuitry
coupled to receive a bit line current indicative of the analog
signal Y, developed on the bit line BL<A> during the
negative elaboration (ELAB=0) which in this case is per-
formed first. The ADC circuitry converts that bit line current
through an integration process to generate a first series of
pulses using an integration circuit, and then counts the
number of pulses in the first series of pulses using a counter
circuit. The counted number of pulses in the first series of
pulses, and hence the current count value in the counter
circuit at this point, is a digital value converted from bit line
current of the analog signal Y ,_. The ADC circuitry then
performs a 2’s complement operation on the count value in
the counter circuit to produce a negated count value. The
ADC circuitry then receives a bit line current indicative of
the analog signal Y, developed on the bit line BL<A>
during the positive elaboration (ELAB=1). The ADC cir-
cuitry converts that bit line current through the integration
process to generate a second series of pulses using the
integration circuit, and then counts (starting from the
negated count value) the number of pulses in the second
series of pulses using the counter circuit. The counted
number of pulses in the second series of pulses is a digital
value converted from the bit line current of the analog signal
Y ,.- The count value in the counter circuit at this point is the
digital signal dY_, which has a digital value equal to the
difference between the digital value converted from the
analog signal Y,, and digital value converted from the
analog signal Y,_ (in other words, dY_=-(dY , )+dY ,,=
dY,,—dY, , where “d” signifies the digital value of the
analog signal Y, ,, obtained through the integration and
counting operations of the ADC circuitry).

Let’s consider a specific example to illustrate the opera-
tion performed by the column processing circuit 220. During
the negative elaboration of the in-memory compute opera-
tion (ELAB=0), the bit line current iBL<A> on the bit line
BL<A> is integrated to generate a first series of pulses. The
value in the counter circuit is incremented by one in
response to each of the 350 pulses in the first series of pulses
and thus the binary value in the counter circuit is (Ob 01 0101
1110=350). Next, the ADC circuitry performs a 2’s comple-
ment operation on the count value in the counter circuit to
produce a negated count value. This 2’s complement opera-
tion involves: a) inverting the logic state of each bit of the
value in the counter circuit to produce (Ob 10 1010 0001=-
351); and the b) adding one to produce the negated count
value in the counter circuit as (Ob 10 1010 0010==350).
During the positive elaboration of the in-memory compute
operation (ELAB=1), the bit line current iBL.<A> on the bit
line BL<A> is integrated to generate a second series of
pulses. The negated value in the counter circuit is incre-
mented by one in response to each of the 200 pulses in the
second series of pulses and thus the binary value in the
counter circuit is (Ob 11 0110 1010=-150).

The column processing circuit 220 further includes digital
signal processing circuitry for storing the resulting digital
signals dY, for the in-memory compute operation and
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performing digital computations and calculations on the
digital signals dY, to generate a decision output for the
in-memory compute operation.

Although FIG. 6 illustrates that one analog-to-digital
converter (ADC) is provided for each bit line, it will be
understood that ADC resources in the column processing
circuit 220 could instead be shared by multiple bit lines
using time division multiplexing.

Although not explicitly shown in FIG. 6, it will be
understood that the circuit 210 further includes conventional
row decode, column decode, and read-write circuits known
to those skilled in the art for use in connection with writing
bits of data (for example, the computational weight data) to,
and reading bits of data from, the memory cells 214 of the
memory array 212. This operation is referred to as a con-
ventional memory access mode and is distinguished from
the analog in-memory compute operation discussed above.

It will be noted that an advantage of the FIG. 6 imple-
mentation is that the signed computational weight for the
in-memory compute operation is coded on two memory cells
214 forming the group 215, with a 1x2 matrix configura-
tion, while the FIG. 1 implementation utilizes four memory
cells 114 forming the group 115, with a 2x2 matrix
configuration. There is accordingly a 2x memory reduction
for the array 212 compared to the array 112 (or there is a 2x
increase in weight storage capacity for the array 212 com-
pared to the array 112).

Reference is now made to FIG. 7 which shows a circuit
diagram for the row controller 218. A latch circuit 252 is
provided for each row of groups 215 _; of memory cells 214
to latch the corresponding sign and value of the signed
digital value of the coefficient data X. A logic circuit 250,
is provided for each row of groups 215, of memory cells
214. The logic circuits 250, to 250, assert a start signal
(Startg), for example in response to a global start signal
generated by the control circuit, at a beginning of each
elaboration of the positive and negative elaborations of the
in-memory compute operation. The generation of this start
signal may, for example, be dependent on the corresponding
signed digital value of the coefficient data X5 having a
non-zero value for the analog in-memory compute opera-
tion. A global counter circuit 254 increments a count value
(Count) starting from a zero reset at the beginning of each
(positive and/or negative) elaboration for the in-memory
compute operation, wherein the elaboration ends when the
Count reaches a maximum value. A compare circuit 256 5 for
each row of groups 215 5 of memory cells 214 is coupled to
the latch circuit 252 and compares the count value Count to
the latched digital value of the coefficient data X . The
output of the compare circuit 256, is asserted when the
count value Count meets or exceeds the latched digital
value. A set-reset latch circuit 258; has a set(S) input
coupled to receive the Starty signal output from the logic
circuit 250, and a reset (R) input coupled to receive the
output of the compare circuit 256;. A combinational logic
circuit 260 logically combines the sign bit Sign, from the
latch circuit 252, and the elaboration indicator signal
(ELAB). The toggling logic state of the elaboration indicator
signal ELLAB indicates whether the positive elaboration is
being performed (logic 1) or the negative elaboration is
being performed (logic 0). In an embodiment, the combi-
national logic circuit 2605 is a logic exclusive OR (XOR)
gate. A combinational logic circuit 262 logically combines
the output (Q) of the set-reset latch circuit 258, and the
output of the combinational logic circuit 260 to generate the
pulsed word line signal for application to the driver circuit
216 of the positive word line WL<B>+. A combinational
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logic circuit 264 logically combines the output (Q) of the
set-reset latch circuit 258, and the logical inverse of the
output of the combinational logic circuit 260, to generate the
pulsed word line signal for application to the driver circuit
216 of the negative word line WL.<B>-. In an embodiment,
the combinational logic circuits 262; and 264 are logic
AND gates.

Operation of the circuitry within the row controller 218 is
as follows: At the beginning of the in-memory compute
operation, decoding of the address signal Address is used to
selectively load the digital values of the coefficient data X,
to X, to be latched by the latch circuits 252, to 252,,, and the
global counter 254 is reset. If the coeflicient data is non-zero,
there is a selection of the row of groups 215 _; of memory
cells 214, and the start signal Starty output of the logic
circuit 250 is asserted logic high at the beginning of each
elaboration of the positive and negative elaborations, and the
set-reset latch circuit 258 is set with its output Q logic high.
The logic state of the toggling elaboration indicator control
signal ELLAB indicates whether the positive elaboration is
being performed (logic 1) or the negative elaboration is
being performed (logic 0). Consideration is now made to
each of the four cases noted above. Case (1): if the sign bit
Signg is logic 0, indicating that the digital value of the
coeflicient data X is positive, and the elaboration indicator
control signal ELAB is logic 1, indicating the positive
elaboration of the in-memory compute operation is being
performed, the inputs of the XOR gate 260, are opposite
logic and the output of the XOR gate 260 is logic high.
Here, both inputs of the AND gate 262 are logic high and
the output of the AND gate 262 transitions to logic high to
provide the leading edge of the word line signal pulse on the
positive word line WL<B>+. Case (2): if the sign bit Sign,
is logic 1, indicating that the digital value of the coeflicient
data X is negative, and the elaboration indicator control
signal ELAB is logic 1, indicating the positive elaboration of
the in-memory compute operation is being performed, both
inputs of the XOR gate 260, are logic high and the output
of the XOR gate 260 is logic low. Here, both inputs of the
AND gate 264 are logic high and the output of the AND
gate 264 transitions to logic high to provide the leading
edge of the word line signal pulse on the negative word line
WL<B>-. Case (3): if the sign bit Signg is logic 0, indicating
that the digital value of the coefficient data X is positive,
and the elaboration indicator control signal ELAB is logic O,
indicating the negative elaboration of the in-memory com-
pute operation is being performed, both inputs of the XOR
gate 260 are logic low and the output of the XOR gate 260,
is logic low. Here, both inputs of the AND gate 264 are
logic high and the output of the AND gate 264 transitions
to logic high to provide the leading edge of the word line
signal pulse on the negative word line WL<B>-. Case (4):
if the sign bit Signg is logic 1, indicating that the digital
value of the coeflicient data X is negative, and the elabo-
ration indicator control signal ELAB is logic O, indicating
the negative elaboration of the in-memory compute opera-
tion is being performed, the inputs of the XOR gate 260 are
opposite logic and the output of the XOR gate 260 is logic
high. Here, both inputs of the AND gate 262, are logic high
and the output of the AND gate 262 transitions to logic high
to provide the leading edge of the word line signal pulse on
the positive word line WL<B>+. The global counter 254
then begins incrementing the Count value. When the incre-
menting Count value meets or exceeds the digital value of
the coeflicient data X latched by the latch circuit 252, the
output of the compare circuit 256 is asserted logic high, and
the set-reset latch circuit 258 is reset with its output Q logic
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low. This logic low output is applied to both AND gates 262
and 264, and whichever output of those AND gates is logic
high (corresponding to assertion of the word line signal
pulse) will transition to logic low to provide the trailing edge
of the word line signal pulse. The pulse width (i.e., the on
time T,,) of the generated pulsed word line signal is thus
dependent on the amount of time needed for the increment-
ing Count value to reach the digital value of the coeflicient
data X;. When the Count reaches its maximum value, the
given elaboration ends. If that given elaboration is the first
elaboration of the in-memory compute operation, the pro-
cess is repeated for the second elaboration of the in-memory
compute operation.

Reference is now made to FIG. 8 which shows a circuit
diagram for an instance of the ADC circuit (referred to
herein as a digital detector 22 circuit). Like references in
FIGS. 3 and 8 refer to same or similar components. The
digital detector 22 in FIG. 8 differs from the digital detector
22 in FIG. 3 only with respect to the interface with the bit
lines. In FIG. 3, each ADC circuit digital detector 22 is
coupled to a respective bit line pair BL<A>+ and BL<A>-
through the column selection circuit controlled by the elabo-
ration signal ELAB. The circuit 210 of FIG. 6 does not use
separate bit lines for the positive and negative elaborations.
Instead, each bit line time multiplexes the positive and
negative elaborations on a given bit line. So, the digital
detector 22 in FIG. 8 omits the column selection circuit and
instead couples the bit line BL<A> directly to the current
mirror circuit 35. The current iBL.<A> flowing through the
bit line BL<A> is mirrored by the current mirror circuit 35
and applied as the bias current for the first inverters 45 and
50 of the first and second integration stages 41 and 42,
respectively. The circuit configuration and operation of the
digital detector 22 in FIG. 8 is otherwise identical to the
circuit configuration and operation of the digital detector 22
in FIG. 3. See, description above.

Reference is now made to FIG. 9 which shows a simpli-
fied timing diagram for operation of the circuit 210 in
connection with one overall in-memory compute operation
including two separate elaborations and use of the circuit
218. At time t1, a latch control signal is asserted to cause the
latch circuits 252, to 252, to latch the signed digital values
of the coeflicient data X, to X, and the overall in-memory
compute operation begins. At time t2, the elaboration indi-
cator signal ELAB toggles to logic 0 in connection with
starting the negative elaboration of the in-memory compute
operation. We assume here the example discussed above and
shown in FIG. 6 where, during the negative elaboration of
the in-memory compute operation, there is a simultaneous
selection of all rows of groups 215, of memory cells 214 in
response to the non-zero coefficient data, and the simulta-
neous actuation in response to assertion of the Start signals
at time t2 of the word lines WL<1>-, WL<2>- correspond-
ing to the positive feature or coefficient data X,, X, with
pulsed word line signals (case (3)) and also the word line
WL<N>+ corresponding to the negative feature or coeffi-
cient data X, with a pulsed word line signal (case (4)). Also
at time t3, the previously reset Count value begins to
increment. At time t4, the incrementing Count value meets
or exceeds the digital value of the coefficient data X,, and
the word line signal pulse on the negative word line
WL<1>- terminates. At time t5, the incrementing Count
value meets or exceeds the digital value of the coefficient
data X, and the word line signal pulse on the negative word
line WL<2>- terminates. At time t6, the incrementing Count
value meets or exceeds the digital value of the coefficient
data X, and the word line signal pulse on the positive word
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line WL<N>+ terminates. At time t8, the Start signal is
deasserted and the Count value is reset.

Starting at time t3, each ADC begins integrating the bit
line current iBL<A> from the bit lines BL<A> to generate
a first series of pulses and the count value in the ripple
counter increments in response to each pulse of the first
series. The incrementing of the count value for the negative
elaboration continues until time t8 which occurs after all
word lines have been deactuated. At time t9, the control
circuit asserts the select signal Sel to disconnect the ripple
counter configuration and cause the multiplexers 68 in each
ADC circuit to pass the inverse pulse IP signal at time t10.
In response to the application of the inverse pulse IP signal
to the clock inputs of the D flip-flops 67 in each ADC circuit,
the bits of the count value for the negative elaboration are
logically inverted (performing step a) of the 2°s complement
operation as discussed above). The select signal is then
deasserted to cause the multiplexers 68 in each ADC circuit
to revert back to the ripple counter connection and the
control circuit then applies a single pulse Pulse to the input
of the ripple counter at time t11. This will cause an incre-
ment by one of the logically inverted bits of the count value
(performing step b) of the 2’s complement operation as
discussed above). This will produce, through the 2’s
complement operation, a negated elaboration value to reside
in the D flip-flops 67 in each ADC circuit.

At time t12, the elaboration indicator signal ELAB
toggles to logic 1 in connection with starting the positive
elaboration of the in-memory compute operation. We again
assume here the example discussed above and shown in FIG.
6 where, during the positive elaboration of the in-memory
compute operation, there is a simultaneous selection of all
rows of groups 215 aB of memory cells 214 in response to
the non-zero coefficient data, and the simultaneous actuation
in response to assertion of the Start signals at time t12 of the
word lines WL<1>+, WL<2>+ corresponding to the positive
feature or coeflicient data X, X, with pulsed word line
signals (case (1)) and also the word line WL<N>- corre-
sponding to the negative feature or coefficient data X,, with
a pulsed word line signal (case (2)). Also at time t12, the
previously reset Count value begins to increment. At time
t13, the incrementing Count value meets or exceeds the
digital value of the coefficient data X,, and the word line
signal pulse on the positive word line WL<1>+ terminates.
At time t14, the incrementing Count value meets or exceeds
the digital value of the coefficient data X, and the word line
signal pulse on the positive word line WL<2>+ terminates.
At time t15, the incrementing Count value meets or exceeds
the digital value of the coefficient data X, and the word line
signal pulse on the negative word line WL<N>- terminates.
At time t16, the Start signal is deasserted and the Count
value is reset.

Starting at time t12, each ADC begins integrating the bit
line current iBL<A> from the bit lines BL<A> to generate
a second series of pulses and the count value in the ripple
counter increments starting from the negated elaboration
value (produced as noted above by performing the 2’s
complement operation on the count value for the negative
elaboration) in response to each pulse of the second series.
The incrementing of the count value for the positive elabo-
ration continues until time t16 when all word lines have been
deactuated. At time t17, when the positive elaboration ends
to resulting count value in the D flip-flops 68 of each ADC
circuit may be output as the digital signal dY,.

The foregoing description has provided by way of exem-
plary and non-limiting examples a full and informative
description of the exemplary embodiment of this invention.
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However, various modifications and adaptations may
become apparent to those skilled in the relevant arts in view
of the foregoing description, when read in conjunction with
the accompanying drawings and the appended claims. How-
ever, all such and similar modifications of the teachings of
this invention will still fall within the scope of this invention
as defined in the appended claims.
The invention claimed is:
1. An in-memory computation circuit, comprising:
a memory array including a plurality of memory cells
arranged in a matrix with plural rows and plural col-
umns, wherein groups of memory cells store compu-
tational weights for an in-memory compute (IMC)
operation that is performed with a first multiply and
accumulate (MAC) elaboration producing a first analog
signal and a second MAC elaboration producing a
second analog signal; and
an analog-to-digital converter circuit configured to:
increment a count value in a counter circuit in response
to the first analog signal;

convert the count value in the counter circuit to a
negated count value; and

increment the count value in the counter circuit starting
from the negated count value in response to the
second analog signal.

2. The in-memory computation circuit of claim 1, wherein
the analog-to-digital converter circuit comprises:

an integration circuit configured to integrate the first
analog signal to produce a first series of pulses, with the
counter circuit incrementing the count value in
response to each pulse in the first series; and

wherein the integration circuit is further configured to
integrate the second analog signal to produce a second
series of pulses, with the counter circuit incrementing
the count value starting from the negated count value in
response to each pulse of the second series.

3. The in-memory computation circuit of claim 1, wherein
the first MAC elaboration is a negative elaboration and the
second MAC elaboration is a positive elaboration; and
wherein conversion of the count value in the counter circuit
to the negated count value is performed through use of'a 2’s
complement operation on the count value.

4. The in-memory computation circuit of claim 1:

wherein memory cells in each of first ones of the columns
of the memory array are connected by a negative
elaboration bit line;

wherein the first analog signal is generated on each
negative elaboration bit line during the first MAC
elaboration of the in-memory compute operation;

wherein memory cells in each of second ones of the
columns of the memory array are connected by a
positive elaboration bit line; and

wherein the second analog signal is generated on each
positive elaboration bit line during the second MAC
elaboration of the in-memory compute operation.

5. The in-memory computation circuit of claim 4, wherein
the analog-to-digital converter circuit includes a column
selection circuit configured to select the first analog signal
generated on the negative elaboration bit line during the first
MAC elaboration and select the second analog signal gen-
erated on the positive elaboration bit line during the second
MAC elaboration.

6. The in-memory computation circuit of claim 4, wherein
each group of memory cells storing a computational weight
comprises four memory cells arranged in a 2x2 matrix with
first and second memory cells in the 2x2 matrix of the group
connected to the negative elaboration bit line and third and
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fourth memory cells in the 2x2 matrix of the group con-
nected to the positive elaboration bit line.

7. The in-memory computation circuit of claim 6, wherein
a computational weight of —1 is represented by a matrix

[V o}

a computational weight of 0 is represented by a matrix

[0 o}

and a computational weight of +1 is represented by a matrix

[0 1]

8. The in-memory computation circuit of claim 6:

wherein first and third memory cells in the 2x2 matrix of

the group are connected to a positive word line actuated
during the in-memory compute operation in response to
positive feature data; and

wherein second and fourth memory cells in the 2x2

matrix of the group are connected to a negative word
line actuated during the in-memory compute operation
in response to negative feature data.

9. The in-memory computation circuit of claim 5:

wherein memory cells in each column of the memory

array are connected by a bit line;

wherein the first analog signal is generated on each bit line

during the first MAC elaboration of the in-memory
compute operation; and

wherein the second analog signal is generated on each bit

line during the second MAC elaboration of the in-
memory compute operation.

10. The in-memory computation circuit of claim 9,
wherein each group of memory cells storing a computational
weight comprises two memory cells arranged in a 1x2
matrix with first and second memory cells in the 1X2 matrix
of the group connected to the bit line.

11. The in-memory computation circuit of claim 10,
wherein a computational weight of —1 is represented by a
matrix

and a computational weight of +1 which is represented by a
matrix
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12. The in-memory computation circuit of claim 10:

wherein the first memory cell in the 1X2 matrix of the

group is connected to a positive word line actuated
during the in-memory compute operation in response to
positive feature data; and

wherein the second memory cell in the 1X2 matrix of the

group is connected to a negative word line actuated
during the in-memory compute operation in response to
negative feature data.

13. The in-memory computation circuit of claim 1,
wherein the analog-to-digital converter circuit comprises:

an integration stage configured to convert a current pro-

vided by each of the first and second analog signals into
a number of charge packets indicated by pulses; and

a counting stage comprising a ripple counter having a

counter input configured to receive the pulses.

14. The in-memory computation circuit of claim 13,
wherein the counting stage comprises:

a plurality of flip-flops;

multiplexing circuitry configured in response to a first

logic state of a control signal to connect clock inputs of
the plurality of flip-flops to form the ripple counter, and
configured in response to a second logic state of the
control signal to apply an inverting pulse signal to the
clock inputs of the plurality of flip-flops to cause a
logical inversion of each bit of the count value stored
by the plurality of flip-flops during a logic inversion
portion of a 2°s complement operation for converting
the count value in the counter circuit to the negated
count value; and

a control circuit configured to generate the control signal

and further apply a single pulse to the counter input of
the counting stage during an add one portion of the 2’s
complement operation for converting the count value in
the counter circuit to the negated count value.

15. A method for performing an in-memory compute
(IMC) operation, comprising:

performing a first multiply and accumulate (MAC) elabo-

ration of the IMC operation to produce a first analog
signal;

incrementing a count value in a counter circuit in response

to the first analog signal;

converting the count value in the counter circuit to a

negated count value;
performing a second MAC elaboration of the IMC opera-
tion to produce a second analog signal; and

incrementing the count value in the counter circuit start-
ing from the negated count value in response to the
second analog signal.

16. The method of claim 15, further comprising:

integrating the first analog signal to produce a first series

of pulses;

wherein incrementing comprises incrementing the count

value in the counter circuit in response to each pulse in
the first stream; and

integrating the second analog signal to produce a second

series of pulses;

wherein incrementing comprises incrementing the count

value in the counter circuit starting from the negated
count value in response to each pulse of the second
series.

17. The method of claim 15, wherein the first MAC
elaboration is a negative elaboration and the second MAC
elaboration is a positive elaboration, and converting the
count value in the counter circuit to the negated count value
comprises performing a 2’s complement operation on the
count value.
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18. The method of claim 15, wherein the IMC operation
is performed by an in-memory computation circuit including
a memory array including a plurality of memory cells
arranged in a matrix with plural rows and plural columns,
wherein groups of memory cells store computational
weights for the IMC operation;

wherein memory cells in each of first ones of the columns

of the memory array are connected by a negative
elaboration bit line;

wherein memory cells in each of second ones of the

columns of the memory array are connected by a
positive elaboration bit line;
the method comprising:
generating the first analog signal on each negative
elaboration bit line during the first MAC elaboration
of the in-memory compute operation; and
generating the second analog signal on each positive
elaboration bit line during the second MAC elabo-
ration of the in-memory compute operation.
19. The method of claim 18, further comprising selecting
the first analog signal generated on the negative elaboration
bit line during the first MAC elaboration and selecting the
second analog signal generated on the positive elaboration
bit line during the second MAC elaboration.
20. The method of claim 18, wherein each group of
memory cells storing a computational weight comprises four
memory cells arranged in a 2x2 matrix, and wherein:
first and second memory cells in the 2x2 matrix of the
group connected to the negative elaboration bit line and
third and fourth memory cells in the 2x2 matrix of the
group connected to the positive elaboration bit line; and

first and third memory cells in the 2x2 matrix of the group
are connected to a positive word line actuated during
the in-memory compute operation in response to posi-
tive feature data; and

second and fourth memory cells in the 2x2 matrix of the

group are connected to a negative word line actuated
during the in-memory compute operation in response to
negative feature data.

21. The method of claim 20, wherein a computational
weight of —1 is represented by a matrix

[V o}

a computational weight of 0 is represented by a matrix

[0 o}

and a computational weight of +1 is represented by a matrix

[0 1]

22. The method of claim 15, wherein the IMC operation
is performed by an in-memory computation circuit including
a memory array including a plurality of memory cells
arranged in a matrix with plural rows and plural columns,
wherein groups of memory cells store computational
weights for the IMC operation;
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wherein memory cells in each column of the memory

array are connected by a bit line;

the method comprising:

generating the first analog signal on each bit line during
the first MAC elaboration of the in-memory compute
operation; and

generating the second analog signal on each bit line
during the second MAC elaboration of the
in-memory compute operation.

23. The method of claim 22, wherein each group of
memory cells storing a computational weight comprises two
memory cells arranged in a 1x2 matrix, and wherein:

first and second memory cells in the 1X2 matrix of the

group are connected to the bit line;

the first memory cell in the 1x2 matrix of the group is

connected to a positive word line actuated during the
in-memory compute operation in response to positive
feature data; and

the second memory cell in the 1x2 matrix of the group is

connected to a negative word line actuated during the
in-memory compute operation in response to negative
feature data.

24. The method of claim 23, wherein a computational
weight of —1 is represented by a matrix

and a computational a matrix weight of +1 which is repre-
sented by a matrix

25. The method claim 1, wherein integrating comprises
converting a current provided by each of the first and second
analog signals into a number of charge packets indicated by
pulses, and wherein incrementing comprises counting the
pulses in a ripple counter.

26. The method of claim 25, wherein converting the count
value comprises:

switching clock inputs of flip-flops forming the ripple

counter from a ripple counter connection;

applying an inverting pulse signal to the clock inputs of

the flip-flops to cause a logical inversion of each bit of
the count value stored by the flip-flops during a logic
inversion portion of a 2’s complement operation for
converting the count value in the counter circuit to the
negated count value; and

applying a single pulse to an input of the ripple counter

during an add one portion of the 2’s complement
operation for converting the count value in the counter
circuit to the negated count value.

* * * * *



